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Abstract: Transmittance fluctuations in turbulent atmospheric channels result in quadrature
excess noise which limits applicability of continuous-variable quantum communication. Such
fluctuations are commonly caused by beamwandering around the receiving aperture. We study the
possibility to stabilize the fluctuations by expanding the beam, and test this channel stabilization
in regard of continuous-variable entanglement sharing and quantum key distribution. We perform
transmittance measurements of a real free-space atmospheric channel for different beam widths
and show that the beam expansion reduces the fluctuations of the channel transmittance by the
cost of an increased overall loss. We also theoretically study the possibility to share an entangled
state or to establish secure quantum key distribution over the turbulent atmospheric channels with
varying beam widths. We show the positive effect of channel stabilization by beam expansion on
continuous-variable quantum communication as well as the necessity to optimize the method in
order to maximize the secret key rate or the amount of shared entanglement. Being autonomous
and not requiring adaptive control of the source and detectors based on characterization of beam
wandering, the method of beam expansion can be also combined with other methods aiming at
stabilizing the fluctuating free-space atmospheric channels.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
The development of experimental quantum optics in the past decades led to the emergence and
tremendous progress in the field of quantum information, which studies the possibility to store,
transmit and process information encoded into quantum states. Quantum communication, a
particular application of quantum information processing, is very naturally suggested by the
long coherence time and relatively low coupling to the environment which is typical for optical
quantum states. This allows one to use quantum states of light for quantum communication,
particularly for sharing a quantum resource (such as entanglement) to connect quantum devices,
or for quantum key distribution (QKD), aimed at securely distributing random secret keys between
two legitimate parties. The methods of QKD are called protocols and were first suggested on the
basis of strongly nonclassical systems such as single photons or entangled photon pairs [1]. Later
the natural use of continuous-variable (CV) [2] quantum states of light was suggested [3]. This
resulted in the development of CV QKD protocols and methods to produce, characterize and
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share CV entanglement.
CV QKD protocols are typically based on the use of Gaussian quadrature-modulated coherent
[4,5] or squeezed states [6,7] of light and homodyne detection at the receiving station. Equivalently,
quadrature-entangled states and homodyne detection at both the sending and the receiving stations
can be used [8]. The security of Gaussian CV QKD protocols [9] was shown against general
attacks in the asymptotic regime [10] and against collective attacks in the finite-size regime [11,12]
based on the optimality of Gaussian attacks [13–15]. This approach allows to broadly study the
security of the protocols using covariance matrices, which explicitly characterize Gaussian states
of light [16]. Gaussian CV QKD protocols were well studied and successfully implemented in
long-distance fiber links [5, 17, 18], where the transmittance is typically stable and the added
channel excess noise is extremely low. On the other hand, atmospheric quantum channels,
which are of utmost importance for long-distance satellite communication [19] or free-space
terrestrial communication waiving the requirement of necessity of fiber-optical infrastructure, are
typically inclined to transmittance fluctuations due to turbulence effects [20–22], also affected
by weather conditions [23]. Such transmittance fluctuations (also referred to as channel fading)
were analyzed in their impact on applicability of CV quantum communication in the case of
atmospheric turbulence [24–27] and uniform transmittance fluctuations [28]. It was shown
that channel fading can be destructive to CV QKD protocols and limit the possibility to share
CV entangled states. The main reason for this is that the transmittance fluctuations lead to
additional excess noise appearing in the variances of the quadrature measurement results [24].
Such fading-related excess noise is proportional to the variance of the transmittance fluctuations
and the overall variance of the quadrature distributions in the quantum signal. Therefore in order
to allow CV QKD or quantum resource sharing over a fluctuating channel the stabilization of the
channel transmittance can be advantageous as a feasible alternative to channel post selection [24]
or entanglement distillation [29, 30]. In the case of mid-range atmospheric optical channels,
the transmittance fluctuations are typically caused by beam wandering, when the beam spot is
randomly traveling around the receiving aperture [31], in addition to such turbulence effects, as,
e.g., scintillation, phase degradation of the wave front, and beam spreading. The transmittance
fluctuations caused by beam wandering are then governed, in particular, by the ratio between the
beam size and the size of the aperture [32]. It was suggested that an increase of this ratio would
naturally stabilize the channel and make it more suitable for quantum communication tasks [24],
similarly to optimization of the beam spot size for given channel parameters in classical free-space
optical communication [33, 34].
In the present paper we discuss the method of beam expansion, aimed at compensating the
channel fluctuations caused by beam wandering, in detail for CV quantum communication tasks,
where the signal intensity is drastically limited compared to the classical free-space optical
communication. We report the experimental test of the method based on the spatial expansion of
the beam and the subsequent characterization of the channel transmittance. We show that the
fading can be indeed stabilized and the variance of transmittance fluctuations (and, subsequently,
quadrature excess noise) can be substantially reduced at the cost of increase of the overall loss
of the channel. This leads to the trade-off between channel stabilization and its applicability
to entanglement sharing or CV QKD. Therefore the suggested method of channel stabilization
should be optimized to reach maximum key rate or secure distance for CV QKD or maximum
shared entanglement in practical quantum applications.
2. Fading due to beam wandering in CV quantum communication
The most feasible CV quantum communication and QKD protocols are based on Gaussian states
and operations [16]. It is well known that Gaussian states and their properties are explicitly
described by the first and the second moments of the field quadrature operators, which can
be introduced through the mode’s quantum operators as x = a† + a and p = i(a† − a), i.e.
by the mean values 〈x〉, 〈p〉 and by the covariance matrix γ of the elements of the form
γi, j = 〈rirj〉 − 〈ri〉〈rj〉, where ri = {xi, pi} is the quadrature vector of the i-th mode. It was
shown that channel fading leads to excess noise in the quadrature variance, which is proportional
to the variance of the channel fluctuations and the variance of the state propagating through the
channel [30] such that the variance of a quadrature on the output of a purely attenuating fading
channel becomes V ′ri = 1 + 〈
√
η〉2(Vri − 1) +  fi . Here 〈
√
η〉 is the mean channel transmittance
and  fi = Var(
√
η)(Vri − 1) is the excess noise due to fading, which depends on the variance of
the transmittance fluctuations Var(√η) = 〈η〉 − 〈√η〉2 and the ri-quadrature variance Vri of the
source. Noise due to fading is therefore generally phase-sensitive, but we further, with no loss of
generality, assume phase-space symmetry of the considered states, having variance Vri = V : ∀i
in any quadrature, and subsequent phase independence of the noise  f = Var(√η)(V − 1). This
noise reduces and possibly destroys the entanglement of a Gaussian state shared over a fading
channel and as well decreases the secret key rate of the Gaussian CV QKD. It can lead to loss
of security in CV QKD [24], i.e., turning the key rate to zero. The effect is more pronounced
for stronger transmittance fluctuations, lower mean channel transmittance and larger initial state
variance V .
One of the main causes of transmittance fluctuations in an atmospheric channel is beam
wandering [31], when the optical beam moves around the aperture of the receiving detector
and becomes clipped. It was studied for transmission of quantum states of light for which the
transmittance distribution was shown to be governed by the log-negative Weibull distribution,
cut at a certain value of transmittance η0 [32, 35]. The distribution is then given by the scale
and shape parameters, expressed by the beam-center position variance σ2
b
and the ratio a/W
of the aperture radius a and the beam-spot radius W so that the maximum transmittance is
defined by η20 = 1 − exp[−2(a/W)2]. The beam-spot fluctuations variance σ2b is related to
the Rytov parameter [36], defining the turbulence strength, which can be obtained from the
atmospheric structure constant of refractive index Cn [37]. The latter, however, was not directly
measured in our experiment and further we describe the beam-spot fluctuations by the variance
σ2
b
. It was naturally predicted that the expansion of the beam i.e. the decrease of the ratio a/W
would result in a stabilization of the channel transmittance at the cost of a decrease of the mean
transmittance [24], a technique also used in classical optical communication [33, 34]. In our
research we verify and confirm this conjecture and study the effect of beam expansion on the
channel properties, the efficiency of sharing quantum entanglement and on the security of CV
QKD through a fading channel.
3. Experimental set-up and results
The possibility to stabilize the fading channel by expanding the beam was studied in a real-world
scenario in the city of Erlangen. The used point-to-point free-space channel of 1.6 km length
connects the building of the Max Planck Institute for the Science of Light with the building
of the computer sciences of the Friedrich-Alexander-University Erlangen-Nürnberg. We use a
grating stabilized continuous wave diode laser with a wavelength of λ = 809 nm. The mode of
this laser is cleaned using a single mode fiber before the beam is expanded using a telescope (see
Fig 1). The beam is then sent through the fading free-space channel to Bob. At Bob we use an
achromatic lens with a diameter of a = 150mm and a focal length of 800mm, which defines our
aperture. The beam width of the received beam, i.e. the aperture-to beam size ratio a/W , can be
adjusted with the sender telescope. A PIN photodiode detector (bandwidth 150 kHz) is used to
measure the fluctuating transmittance of the channel. To estimate the beam width at Bob we use a
CCD camera and a screen. No adaptive strategy has been used at Bob’s station or between Alice
and Bob. The profiles of the transmittance distributions for different beam expansion settings that
illustrate the change of the statistics of the channel fading are given in Fig. 2. The transmittance
data was analyzed to obtain the mean values of transmittance 〈η〉 and 〈√η〉, and the resulting
Fig. 1. A schematic view of the experimental set-up. At the sender Alice we use a
telescope to expand the beam and adjust its beam width. Subsequently the beam is sent
through our 1.6 km free-space link to the receiver Bob. There we use an achromatic
lens with a diameter of a = 150mm and measure the fluctuating transmission using
a PIN photodiode detector and an analogue-to-digital converter. To estimate the
aperture-to-beam size ratio we use a CCD camera and a screen.
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Fig. 2. Transmittance distribution profiles for different aperture-to-beam size ratios as
indicated at the plots.
variance Var(√η), which governs the evolution of a covariance matrix after propagating through
the fading channel. The results are given in Fig. 3 along with the values, obtained from the
analytical Weibull distribution for the beam-spot fluctuation variance of σ2
b
= 0.3, which is set so
in all the subsequent calculations except for these, resulting in the plots in Fig. 5. The results of
calculations from the experimentally obtained data demonstrate qualitatively the same tendencies
with the decrease of the aperture-to-beam size ratio as the theoretical prediction: it is clearly
visible from the plots that the expansion of the beam (i.e., decrease of the aperture-to-beam size
ratio) reduces the fluctuations of the transmittance and at the same time reduces the average
transmittance of the channel. In order to clarify the effect of the channel stabilization by the
beam expansion on the quantum communication and quantum resource sharing we apply the
Fig. 3. Characteristics of atmospheric fading channel for larger beam expansion
characterized by decreasing aperture-to-beam size ratio a/W . (Left): mean values
〈η〉 (lower solid black line) and 〈√η〉 (upper dashed grey line) estimated from the
analytical Weibull distribution along with the experimental results (squares and circles
respectively) and (right): variance Var(√η) of the square root of transmittance from the
experimental characterization of the channel (points) and from the analytical estimates
(solid line) versus aperture-to-beam size ratio.
obtained characteristics of the channel to these applications in the next section.
4. Effect of beam expansion on entangled resource sharing and CV QKD
Before we analyze the applicability of channel stabilization by beam expansion for CV QKD,
we first study the impact of the method on the entanglement of a typical two-mode Gaussian
entangled state, namely two-mode squeezed vacuum [16], shared over a fading channel. We
characterize the entanglement of the state using the logarithmic negativity [38], defined as
LN = max{0,− log2 ν}, (1)
where ν is the smallest symplectic eigenvalue of a covariance matrix of a partially transposed
state for a pair of modes (see [16] for review on covariance matrix formalism for Gaussian states).
We evaluate the logarithmic negativity for a state quadrature variance of V = 7 shot-noise units
(SNU, being the variance of the vacuum fluctuations), corresponding to approximately -8 dB of
conditionally prepared quadrature squeezing after a homodyne detection on one of the beams,
which is feasible with current technology [39] and is close to optimum for the given protocol
parameters, in the presence of 1% SNU of excess noise (here and further the fixed channel excess
noise is related to the channel input). The results of the calculations are given in Fig. 4 (left)
obtained from the experimental data and from the analytical fading distribution. It is clear from
the graphs that the channel for the non-expanded beam was more suitable for entanglement
distribution and that the beam expansion degraded the entanglement due to increase of the overall
loss. The reason for such behavior is that in the considered region of parameters Gaussian
entanglement is more sensitive to the channel transmittance than to the small amount of excess
noise caused by fading. The transmittance fluctuations in the studied channels were relatively
low and did not introduce significant noise, which would reduce the Gaussian entanglement
of the states, while decreasing the average transmittance due to beam expansion resulting in
entanglement degradation.
We also analyze the effect of the beam expansion on the typical CV QKD protocol with
coherent states of light and homodyne detection by theoretically estimating the lower bound
on the key rate secure against collective attacks [40] in a given channel, which, in the reverse
reconciliation scenario (being robust against channel attenuation below -3 dB [5]), is given by
KR = βIAB − χBE, (2)
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Fig. 4. Entanglement and secure key rate for larger beam expansion characterized
by decreasing aperture-to-beam size ratio a/W. (Left): Logarithmic negativity of an
entangled state shared over the fading channel and (Right) Lower bound on the key
rate secure against collective attacks in the fading channel, obtained from the analytical
fading distribution (lines) along with the experimental results (points) versus aperture-
to-beam size ratio. State variance is 7 SNU (solid black line, red circles) or optimized
(dashed black line, blue squares), channel excess noise is 1% SNU, post-processing
efficiency for the Gaussian CV QKD is 97%.
where IAB is the classical (Shannon) mutual information between the trusted parties, χBE is
the Holevo bound on an information on the shared key received by the remote party, which is
available to an eavesdropper, β ∈ (0, 1) is the post-processing efficiency, which characterizes
how close the trusted parties are able to reach the mutual information IAB. In our analysis we
follow the purification-based method (see [41] for the details of security analysis) to calculate the
Holevo bound [42] and take into account the realistic post-processing efficiency of 97% [43].
The results of the calculations are given in Fig. 4 (right) and clearly show the improvement of
the key rate due to the stabilization of the fading channel with a small beam expansion upon
fixed modulation, which, however, becomes disadvantageous upon the further increase of the
beam spot. We therefore confirm the positive effect of the beam expansion in the fading channel
on the CV QKD, which, however, can be optimized in the particular conditions. For Gaussian
entanglement distribution or for the coherent-state CV QKD protocol with optimized modulation
the method would have been useful for a stronger channel turbulence. The positive role of fading
stabilization for the optimized CV QKD upon stronger turbulence is theoretically predicted in
Fig. 5, where the lower bound on the key rate is plotted versus the beam expansion settings at
different values of beam-spot fluctuations. It is evident from the plot, that the experimentally
tested beam expansion settings would have been advantageous for the optimized protocol at
σ2
b
= 0.4 (note that in our previous study of the same channel upon stronger turbulence the
beam-spot fluctuations variance was estimated as σ2
b
= 0.36 [24]).
Despite evident differences in the effect of beam expansion on the considered quantities
(namely logarithmic negativity and key rate) as shown in Fig. 4, we theoretically observe a
similar behavior of logarithmic negativity at higher values of a/W ratio (out of the experimentally
tested and plotted region). Indeed, the logarithmic negativity also has a local maximum at certain
ratio a/W (depending on the variance V), similarly to the key rate, and would decrease for higher
values of the ratio. The difference is however that the key rate is more sensitive to channel
fluctuations due to beam wandering and we therefore observed an improvement of the channel
parameters by means of beam expansion for the application of CV QKD. Moreover, entanglement
is not vanishing completely at high a/W for moderate initial entanglement corresponding to
a variance of V < 15. To complete our study, we numerically illustrate the behavior of the
logarithmic negativity and the lower bound on the secure key rate with respect to ratio a/W in
the given channel for different initial resources in Fig. 6. We characterize the initial resource
0.2 0.4 0.6 0.8 1.0 1.2
a/W
0.05
0.10
0.15
0.20
0.25
KRopt
Fig. 5. Lower bound on the key rate secure against collective attacks in the fading
channel, obtained from the analytical fading distribution, versus aperture-to-beam size
ratio at σ2
b
= 0.2 (upper, dotted line),σ2
b
= 0.3 (middle, dashed line), σ2
b
= 0.4 (lower,
solid line) upon optimized modulation variance, channel excess noise is 1% SNU,
post-processing efficiency is 97%.
by the state variance V for the key rate plot or, equivalently, by the initial entanglement of the
shared state, which reads LN0 = (−1/2) ln (2V2 − 1 − 2V
√
V2 − 1) for the logarithmic negativity
plot, to verify how much of the initial entanglement survives in a fading channel. It is evident
from the plots that beam expansion in the considered channel can have positive effect on the key
rate practically for any modulation and on the entanglement once the initial entanglement and
beam-to-aperture ratio are large. In our study we considered the most feasible coherent-state
Fig. 6. Entanglement and secure key rate versus aperture-to-beam size ratio a/W at
different initial resources. (Left): Logarithmic negativity (LN) of an entangled state
shared over a fading channel versus aperture-to-beam size ratio and initial logarithmic
negativity LN0 and (Right) Lower bound on the key rate (KR) secure against collective
attacks in the fading channel versus aperture-to-beam size ratio and modulated state
variance V . Channel excess noise is 1% SNU, post-processing efficiency for the
Gaussian CV QKD is 97%.
CV QKD protocol. While squeezed-state protocol is known to be typically more robust against
channel transmittance fluctuations, its performance is still degraded by fading, related to beam
wandering [44], so the beam expansion technique can be useful for the squeezed-state protocols
as well and should be optimized in the given conditions.
5. Conclusions
We studied the possibility to stabilize a real fading channel by expanding the beam in order
to suppress the transmittance fluctuations concerned with the beam wandering in turbulent
atmosphere. We experimentally characterized the change of statistics of the channel transmittance
fluctuations and showed that they qualitatively correspond to the theoretical predictions given
by the Weibull distribution. We proved the positive effect of the channel stabilization by
beam expansion on the distribution of a nonclassical resource (entanglement) and on Gaussian
continuous-variable quantum key distribution. We have shown that for the channel used for
the experimental results presented here beam expansion could become disadvantageous for
Gaussian entanglement of the distributed state, described by the logarithmic negativity, due
to weak atmospheric turbulence. On the other hand, channel stabilization by beam expansion
can improve the secret key rate of the coherent-state protocol. The improvement requires an
optimization of the beam width setting under given conditions. Importantly, the method does
not require any adaptive control of the source and detector based on monitoring of the beam
wandering. It can be combined with other known methods for fading channel stabilization such as
fast steering [45] or concave mirrors [46], channel diversity [47, 48], multiple wavelengths [49],
adaptive optics and active tracking systems [50–54]. It should be emphasized that our technique
requires a link which allows for a certain margin in the loss tolerance. Especially for satellite
links the loss is usually already very high as the aperture-to-beam size is very low, such that
our stabilization technique will hardly have any benefit. But our proposed technique can be
beneficial in mid-range terrestrial free-space links, what would be the field of application for
this stabilization technique. Our result therefore demonstrates a promising and feasible method
to stabilize free-space atmospheric channels for the tasks of continuous-variable quantum key
distribution and quantum communication, which is best applicable in low or medium loss regime.
Future steps will include full implementation of continuous-variable quantum key distribution
and entanglement sharing over free-space atmospheric channels aided by channel stabilization
methods.
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